Under appropriate stimulus conditions, judgments about the degree of temporal synchrony in sequences containing rapid alternations of colour and motion direction imply a large apparent delay of motion perception relative to colour perception. Whether this colourmotion asynchrony results from the relative processing delay of different visual attributes, or from inappropriate matching of time markers assigned to first-order change of colour and position has been the subject of recent debate. Colour-motion asynchrony is significantly weakened when the angle of direction change is reduced from 180°(direction reversal) to a smaller change in direction. Although this finding has been interpreted to favour the processing delay hypothesis, here we show that it is consistent with the time marker account. First, the reported dependence on the motion direction angle was particularly strong for random-dot stimuli, but our results indicate that this may reflect the introduction of an artefact, motion streaks, that allows subjects to make a colour-orientation synchrony judgement rather than a colour-motion synchrony judgment for direction change angles other than 180°. Second, when we used streak-free plaid stimuli, a certain amount of angle dependence remained regardless of whether we asked the observers to judge the apparent binding or synchrony of colour and motion direction changes. The degree of direction change also affected reaction times, but the effect of apparent asynchrony for a direct comparison of sequences of 90°and 180°motion direction changes was very small, if at all present. These findings with plaid stimuli are consistent with the time marker account; in that we allow that the direction change angle can affect the time course of the recruitment of neural responses to the new direction of motion, which will have a consequential effect on the temporal location of salient features in the sequence of motion changes.
General introduction
The human sensory system consists of multiple parallel channels for different modalities (e.g., light and sound) and for different attributes of the same sensory modality (e.g., colour and motion). The transmission and processing of sensory information takes time, and the amount of time taken may significantly vary among channels (King & Palmer, 1985; Schmolesky et al., 1998) . This makes accurate synchrony judgment between events in separate channels a challenging problem for the sensory system. Extensive studies have been conducted on how the brain deals with this problem (e.g., Alais & Carlile, 2005; Arnold & Clifford, 2002; Arnold, Johnston, & Nishida, 2005; Bedell, Chung, Ogmen, & Patel, 2003; Fujisaki, Shimojo, Kashino, & Nishida, 2004; Kopinska & Harris, 2004; Moutoussis & Zeki, 1997a; Nishida & Johnston, 2002; Sugita & Suzuki, 2003; Vroomen, Keetels, de Gelder, & Bertelson, 2004 ).
An illusion that demonstrates the difficulty of cross-attribute simultaneity judgments is colour-motion 0042-6989/$ -see front matter Ó 2006 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres. 2006.11.018 asynchrony (Moutoussis & Zeki, 1997a) . When a green pattern moving upwards and a red pattern moving downwards are synchronously alternated at the rate of $2 Hz, most observers find it difficult to tell which direction is associated with which colour. On the other hand, when the direction change occurs $100 ms earlier than the colour change, the observers reliably bind the two attributes, confidently reporting that the events appear synchronous. These observations indicate that there is a $100 ms discrepancy between the point of physical simultaneity and the point of subjective simultaneity. Moutoussis and Zeki (1997a) ascribed this illusion to a hypothetical neural delay of the completion of motion processing (in V5/MT) relative to the completion of colour processing (in V4). In other words, they consider that the observer's awareness of a motion direction change is delayed relative to that of a colour change by $100 ms even when they occur at the same time.
However, Nishida and Johnston (2002) reported findings that are incompatible with this asynchronous awareness hypothesis. First, perceptual asynchrony depends on the temporal properties of the stimulus -it occurs for moderately rapid alternation rates (1-2 Hz), but not for slower alternation rates, nor for temporal order judgments with respect to single isolated changes in colour and motion direction. Second, perceptual asynchrony can occur in the absence of a corresponding difference in manual reaction time to stimulus appearance. These findings led Nishida and Johnston (2002) to put forward an alternative account. They proposed that cross-channel temporal judgements are based on the comparison of time markers by a mid-level perceptual process. The time markers for cross-channel comparison are amodal tokens, each linked to a specific temporal event. This representation is considered to be based on salient, figural, features extracted from early-level sensory processing of the stream of events. A temporal marker should reference the time a specific event occurs in the world rather than the time the processing of the event completes in the brain. Colour-motion asynchrony results from matching inappropriate time markers (salient features). That is, colour change is matched with position change (motion) rather than with motion direction change. This is because colour change is a first-order temporal change (first-order temporal derivative of colour), while motion direction change is a second-order property, a change in the direction of change. Nishida and Johnston (2002) propose that second-order changes in this context are less salient because first-order temporal changes can be detected by specialized sensors in early visual processing, while there is little evidence for the existence of early detectors for second-order temporal changes. Although comparison on the basis of second-order temporal change is possible, it is likely to be subserved by a slow, capacity-limited, mid-level visual routine. Therefore, the comparison between first-order and second-order temporal change collapses under time-limited conditions that do not allow second-order temporal changes to be utilised, resulting in a false match occurring between the available first-order temporal changes. This hypothesis is supported by the finding that second-order temporal changes appear delayed relative to first-order temporal changes regardless of the stimulus attributes involved (Nishida & Johnston, 2002) .
There is, however, a phenomenon that appears to indicate the substantial involvement of neural processing delays in colour-motion asynchrony. When the angle of direction change is reduced from 180°(direction reversal), colour-motion asynchrony is significantly weakened. Using checkerboard stimuli and a 1 Hz alternation rate, Arnold and Clifford (2002) found that the apparent motion delay was $140 ms for 180°, but $90 ms for 90°. Using random dot patterns, Bedell et al. (2003) have found that apparent motion delay was $190 ms for 180°, but only $30 ms for 90°(1.42 Hz, 60 deg/s). Large angle effects for random dots were also reported by other studies (Clifford, Spehar, & Pearson, 2004b; Linares & Ló pezMoliner, 2006) . Both Arnold and Clifford (2002) and Bedell et al. (2003) suggest that the effect of varying the magnitude of the change in motion direction can be ascribed to stronger cross-direction suppression for 180°t han for the smaller changes in motion direction (Priebe & Lisberger, 2002) , and that the cross-direction suppression delays the time at which the new motion signal becomes detectable after a direction change. Since a direction change is a second-order temporal change regardless of its angle, the time marker theory would not predict the change in the asynchrony magnitude with direction change angle for judgements based on second-order markers. Note that in the time marker theory the strength of the illusion depends upon the result of matching first-order markers. Nevertheless, the finding by Bedell et al. (2003) that colour-motion asynchrony is almost eliminated for small direction change angles could be interpreted as evidence that invalidates an account based on inappropriate marker matching.
Considering its theoretical importance, we thought it worthwhile to re-examine the effect of direction change angle on colour-motion asynchrony. Our results indicate that magnitude of colour-motion asynchrony depends on two factors. One is the presence of an artefact, motion streaks, which have a visible spatial orientation that signals the direction of motion and, therefore, also signals a change in the direction of motion. This artefact accounts for the large reduction in apparent motion delay for random dot stimuli. The residual second factor presumably reflects a change in the time course of neural signal recruitment after a direction change that is also detectable as a difference in reaction time. These findings are compatible with the time marker theory if we allow an additional assumption that the marker for a first-order change is affected by the time course of the recruitment of neural responses at an early stage of motion processing.
Expt 1: Colour-motion binding with random-dot stimuli

Introduction
It is possible that the random-dot stimulus used by Bedell et al. (2003) might have allowed their observers to bind colour with the orientation of motion streaks (speedlines) generated by motion blur (Burr, 1980; Burr & Ross, 2002; Geisler, 1999) . A change in the direction of motion will be accompanied by a change in the orientation of motion streaks unless the direction exactly reverses (Fig. 1) . Given that the appearance of perceptual synchrony requires a much smaller temporal shift for colour-orientation comparisons than for colour-motion comparisons (Clifford, Arnold, & Pearson, 2003; Holcombe & Cavanagh, 2001; Moutoussis & Zeki, 1997b) , the use of motion streak orientation information in place of motion direction would reduce the amount of asynchrony seen for direction angles other than 180°. Motion streaks were likely to be especially visible for the high-speed, sparse random-dot conditions in the Bedell et al. (2003) study. This interpretation is consistent with their finding that the effects of direction angle were most evident under the highest speed condition they used.
According to this hypothesis, the effect of direction change angle will be reduced by using slow stimuli for which motion streaks are expected to be barely visible. More importantly, given that the upper limit of the alternation rate is much higher for colour-orientation binding ()10 Hz) (Holcombe & Cavanagh, 2001 ) than for colour-motion binding ($3 Hz) (Arnold, 2005) , accurate binding should be observed even at rapid alternation rates. The first experiment tested these predictions.
Method
Observers
Two of the authors (K.A., S.N.) and one naive observer (A.M.) participated in this and all the following experiments. All observes had normal or corrected to normal visual acuity.
Apparatus
Random-dot stimuli were generated by a VSG2/3 (Cambridge Research Systems, UK), and presented on a 21 in. CRT (SONY GDM-F500) at a frame rate of 120 Hz. Observers viewed the monitor at a distance of 27.5 cm, with their head stabilised by a chin rest.
Stimulus
A random dot pattern (Fig. 1a ) similar to that used by Bedell et al. (2003) was displayed on the monitor. It was made of 10-14 moving squares, each subtending 1.6°· 1.6°. They were presented on a dark background, through a square window (18°· 18°) framed by white lines. A fixation marker was presented at the centre of the window. The colour of all the dots was synchronously alternated between red (CIE(1931), x = 0.610, y = 0.340, 30 cd/m 2 ) and green (x = 0.280, y = 0.594, 30 cd/m 2 ). The motion direction of all dots was synchronously alternated between upward and downward (180°) or between upward and leftward (90°). The moving speed was either 60 deg/s (the fastest speed used by Bedell et al. (2003) ) or 3 deg/s. The alternation rate of colour/direction was 1, 2 or 4 Hz for 60 deg/s and 2 Hz for 3 deg/s.
Procedure
Within each session, the relative phase of colour and motion direction alternations were randomly varied from À180°to +150°in 30°step (for 2 Hz alternation, from À250 to +208.3 ms in 41.7 ms step). At the relative phase of 0°, the upward motion was always green while the downward motion was always red. This relationship was reversed at the phase of À180°. In each trial, a stimulus sequence starting from a random phase of the stimulus cycle was presented for 3 s. The observer had to answer, by pressing one of two keys, which motion direction appeared to be dominant when the colour was green. There were 10 repetitions of each phase condition in a session, and each observer ran two sessions for each stimulus condition.
Data analysis
To estimate the relative phase of perceptual synchrony (k), we fit each data set with a truncated cosine function using the maximum likelihood method (Watson, 1979) .
where y represents the proportion of ''upward'' response, and x is the colour delay relative to motion in radians. y 0 is a variable that controls the offset, which should be 0.5 if there is no response bias, and A is a variable that controls the amplitude (0 6 A 6 1.0). The confidence interval of k was calculated by the bootstrap method (Efron & Tibshirani, 1994) . To quantify the magnitude of response consistency (RC), we calculated,
where SD fit is the standard deviation of y (fitted value), and SD max is the maximum standard deviation that would be obtained for ideally consistent responses (i.e., y = 0 for half of the phase conditions and y = 1 for the rest). RC is linearly related to A (% ffiffi ffi 2 p A) when the fitted function is not truncated (i.e., 0 6 y 0 ± A 6 1). The confidence interval of RC was calculated by the bootstrap method. To find the level of response consistency that would be obtained if the response was completely random, we calculated the confidence interval of RC for random responses, by repeatedly fitting a sinusoid to a data set generated from the binomial distribution with p = .5. 
Results
The results are shown in Fig. 2 . When the motion speed was fast (60 deg/s) and the alternation rate was 1 or 2 Hz, there was virtually no asynchrony for the 90°direction change condition, while there was a large colour-motion asynchrony (relative motion delay of >100 ms) for the 180°direction change condition. The excellent reliability of the observers' responses was supported by the small confidence intervals for the apparent delay estimation data, as well as the high (1 Hz) or moderate (2 Hz) values of the response consistency. These results agree with those reported by Bedell et al. (2003) .
On the other hand, when the stimulus speed was slow (3 deg/s, alternating rate: 2 Hz), a large colour-motion asynchrony was observed for both angles of direction change. Although the magnitude of asynchrony was smaller for 90°than for 180°, the difference was far smaller than that obtained for the fast motion condition. This result is consistent with the hypothesis that the large reduction of perceptual asynchrony for the fast speed 90°condition was a result of the observers' use of the motion streak orientation in the colour-motion binding task (Fig. 1b and c) .
When the alternation rate was increased to 4 Hz (moving speed: 60 deg/s), the observers could not reliably judge the phase relationship between the colour and motion direction change sequences for the 180°direction change condition. The RC value of this condition was not significantly higher than that estimated from random responses. In agreement with this finding, Arnold (2005) reported that the upper temporal limit of colour-motion binding was $3 Hz.
1 In contrast, for the 90°direction change, the observers could bind colour and motion direction as precisely and reliably as they did at the slower alteration rate. We also found that this rapid ''colour-motion'' binding disappeared when these changes were carried by separate sets of dots 2 (data not shown). These findings support the orientation artefact hypothesis, since it is known that one can bind colour and orientation at rapid alternation rates when they are spatially superimposed, while can do only at slow rates when they are spatially separate (Holcombe & Cavanagh, 2001 ).
Further support of the contribution of motion streaks was given by the results of the next experiment obtained with streak-free plaid stimuli.
3. Expt 2: Colour-motion binding with plaid stimuli
Introduction
The first experiment suggests that the availability of the orientation of motion streaks as a cue to motion direction has the apparent effect of reducing colour-motion asynchrony for motion direction changes other than exact reversals. Through the removal of this artefact, by means of a reduction in the stimulus speed, we were able to see a clear colour-motion asynchrony for 90°. It remains open however whether the effect of direction-change angle can be exclusively ascribed to the orientation artefact, given that it was observed with a slow random-dot stimulus (Expt 1), as well as with a checkerboard stimulus (Arnold & Clifford, 2002) . The use of a checkerboard is expected to significantly reduce the contribution of motion streaks, if not completely exclude it.
In Expt 2, we replicated Expt 1 using a stimulus that was considered to be free from the motion streak artefact -a plaid made of orthogonal sinusoidal gratings (Fig. 3 ).
Method
Apparatus
In this and all the following experiments, plaid stimuli were generated by a ViSaGe (Cambridge Research Systems, Cambridge, UK), and presented on a 21 in. CRT (SONY GDM-F500) at a frame rate of 160 Hz. Observers viewed the monitor at a distance of 55 cm.
Stimulus
A plaid stimulus consisted of two luminance-modulated sinusoidal gratings, each oriented À45°or +45°from the vertical (Fig. 3) . Their spatial frequency was 1.0 c/deg, and the luminance contrast was 50%. To minimise any possible direct interaction between the two gratings, they were presented at a full contrast in alternative monitor frames (which made the effective stimulus update rate 80 Hz). The plaid was presented within a circular aperture with a diameter of 15 deg, centred at the fixation point, and surrounded by a uniform grey field. The plaid was drawn only by the red gun of the monitor in half of the cycle (mean luminance: 30 cd/m 2 ), and only by the green gun in the other half (30 cd/m 2 ). The motion direction was alternated between upwards and downwards (180°) or between upwards and leftwards (90°). The speed of the plaid motion was either 16 deg/s (equal to the speed used by Arnold & Clifford (2002) ) or 3 deg/s. The two gratings always had the same speed in their own orthogonal directions (1/ p 2 of the plaid speed). Both gratings reversed motion direction to generate a 180°change, while only one (+45°) grating reversed direction to generate a 90°change.
1 Although Moradi and Shimojo (2004) found successful binding of colour and motion even at 8.3 Hz alternation, they used different randomdot patterns for different motion directions. Their display let observers perceive motion transparency, which facilitates colour-motion binding by changing the task into a spatial judgment (Clifford et al., 2004b; Moradi & Shimojo, 2004) . 2 The stimulus of this control experiment was a random-dot pattern consisting of equal numbers of stationary and moving dots. The colour of the stationary dots was alternated between red and green, while the colour of the moving dots was always grey. The direction of moving dots was alternated with a change angle of 180°or 90°. The task of the observer was to bind the colour of the stationary dots and the direction of the moving dots. This task was found to be nearly impossible when the alternation rate was 4 Hz. Horizontal lines in the lower panels indicate the 95% (dashed) and 99% (solid) limit of the RC of random response. For 4 Hz, 180°condition, the apparent motion delay was not computed, since its RC was below these lines. The pattern of the results is consistent with the hypothesis that the large reduction of apparent motion delay for the 90°c ondition is due to motion streak artefact. This stimulus was designed to minimise stationary cues to motion direction. Assuming that the temporal response of the visual system is described in terms of a linear filter, one can estimate a perceived snapshot of the image (including motion blur) from a linear summation of the current and past input images weighted by the impulse response. Since such a linear operation preserves the frequency of sine waves, a perceived snapshot of a drifting sinusoidal grating will be a sinusoidal grating of the same frequency. Likewise, a perceptual snapshot of a moving plaid will be a stationary plaid (Fig. 3b and c) . Since the drift speed was identical for all component gratings, the perceptual snapshot will be a symmetrical red or green plaid for both 90°or 180°direc-tion changes. The exception is when a component direction reversal introduces a transient change in apparent contrast (and colour) of the component grating(s), but this stationary cue does not indicate the sign of the direction change with respect to colour change. Therefore, our plaid stimuli do not contain stationary cues as revealed by linear temporal integration that would allow the observer to specify the magnitude of colour-motion delays.
Unlike sinusoidal plaids, checkerboard stimuli, used by Arnold and Clifford (2002) , contain sharp edges. Horizontal motion will selectively blur vertical edges, and a vertical motion horizontal edges. At least theoretically, this could be a stationary cue to motion direction when the direction change is 90°. This indicates the advantage of sinusoidal plaid stimuli over checkerboard stimuli.
For both plaid and checkerboard stimuli, motion blur could generate stationary cues for direction changes when the direction change is neither 180°nor 90°. This is because the direction change will be accompanied by an angledependent change in drift speeds of component gratings. We therefore did not examine intermediate angles to avoid possible confounds.
Procedure
The procedure was identical to that used in Expt 1.
Results
The results are shown in Fig. 4 . For the alternation rate of 1 or 2 Hz, a large apparent motion delay was observed regardless of the direction change angle. For the faster speed, the asynchrony direction change was smaller for a 90°direction change than for an 180°direction change by several tens of ms. These results are consistent with the observations of Arnold and Clifford (2002) who used a checkerboard stimulus. When the motion speed was reduced to 3 deg/s, the direction effect was significantly weakened for all but one observer (AM). This result is not incompatible with the possibility that the observer may have utilised faint motion streaks resulting from an early nonlinear response of the visual system. However, this unlikely cause is incompatible with the result obtained with the alternation rate of 4 Hz. Unlike the results obtained with random-dot stimuli (Expt 1), colour-motion binding was almost impossible for both 90°and 180°direc-tion changes. The response consistency measure was not significantly different from that for random responses.
These results indicate that the direction angle effect on colour-motion asynchrony was greatly reduced, but was not eliminated under conditions where the motion streak cue is unavailable. This suggests that the motion streak is a strong determiner, but not the only factor modulating the effect of the magnitude of the direction change on temporal asynchrony.
The present results further suggest that the influence of this second factor is also reduced as the stimulus speed becomes slower. It should be noted however that the speed effect obtained with the plaid stimuli was much smaller than that obtained with the random-dot stimuli. Therefore, the large effect of random-dot speed (that changed apparent synchrony for the 90°condition from nearly 0 ms for the fast speed to over 100 ms for the slow speed) should be primarily ascribed to the presence of motion streaks.
The following three experiments examined the nature of the second component of the angle effect to uncover its underlying mechanism.
4. Expt 3: Colour-motion synchrony judgment with plaid stimuli 4.1. Introduction Bedell et al. (2003) proposed a two-stage sustained-transient model, which states that the temporal order judgment uses information from transient processing components, while the temporal binding task uses information from sustained processing components, with only the latter components being affected by attribute type and direction change angle. Clifford et al. (2003) found a dissociation between a temporal judgment task and a binding task in the case of colour-orientation pairing, and proposed that the two tasks are mediated by separate mechanisms. These studies motivated us to investigate whether the direction effect is obtained when the task was modified to be a purely temporal judgment.
Method
We replicated Expt 2 (2 Hz alternation, fast speed condition) while asking the observers to report whether the green phase appeared to exactly match the phase of upward motion. We fitted a Gaussian function to the proportion of ''in-phase'' responses, regarding the centre of Gaussian as an estimate of the motion delay.
Results
Fig . 5 shows the results. The results obtained with the in-phase judgment were quite similar to those obtained with the binding judgment. Although the apparent motion delay was observed regardless of direction change angle, it was smaller for 90°than for 180°by several tens of ms. This suggests that the direction change angle can affect a temporal judgment as well as the binding judgment.
Our observers found it difficult to differentiate the stimulus condition where ''green'' and ''upward'' were in-phase from the condition where the two attributes were bound together. This is because we used rapid 2 Hz alternation. The two judgments can dissociate when the alternation rate is slower. Our result does not contradict a previous report that direction change angle did not affect temporal judgments for single changes (Bedell et al., 2003) .
Expt 4: Motion-motion binding with plaid stimuli
Introduction
This experiment examined the effect of direction change angle when the observers directly compare the temporal relationship between two motion direction alternations. Based on the results of colour-motion binding, one would naturally expect the 180°direction change to be perceptually delayed relative to the 90°direction change. This expectation was not supported by our results.
Method
Stimulus
The stimulus was a pair of plaid stimuli, each presented within circular apertures that had a diameter of 15°and whose centres were located 10°right or left of the central fixation point. In the left plaid, composite gratings (50% contrast, 1 c/deg) were orientated +45°and À45°from the vertical, and the motion direction was alternated between upward and downward (180°change). In the right plaid, composite gratings were orientated 0°or 90°, and the motion direction was alternated either between up-rightwards and up-leftwards (90°change), or between up-rightwards and down-leftwards. The plaid speed was 16 deg/s and the alternation rate was 1 or 2 Hz.
Procedure
Between trials, the relative phase of the direction changes of the two plaids was randomly varied. At the phase of 0°, the left plaid moved upwards when the right plaid moved up-rightward, and the left plaid moved downwards when the right plaid moved up-leftwards or down-leftwards. The observers had to make a binary response on which motion direction was dominant in the right plaid during the upward motion in the left plaid, while fixating at the centre of the screen. The other procedure was identical to those used in the previous experiments.
Results
The paring responses (Fig. 6a) indicated nearly veridical temporal binding between motion and motion stimuli either when the both direction changes were 180°, or when one was 180°and the other 90°. One could measure the effect of direction change angle either as the magnitude of (Fig. 2) . asynchrony of the latter 90°condition, or from the difference in the magnitude of asynchrony between the 180°a nd 90°conditions. The latter measure is better in that it excludes potential response biases arising from constant use of the left stimulus as the reference for pairing judgment, but the conclusion is the same regardless of which measures we use (Fig. 6b) . That is, while two of the three observers showed a small effect of direction change angle (delay of 180°relative to 90°) when the alternation rate was 1 Hz, no observers showed any effect of direction change angle when the alternation rate was 2 Hz. This result is inconsistent, in particular, with the result of Expt 2 that showed a clear difference in the magnitude of colour-motion asynchrony between the 180°and 90°direction alternations using a similar plaid stimulus and a similar binding task. This inconsistency suggests that the effect of direction angle for motion-motion (within-attribute) binding is much weaker, if it occurs at all, than that for colourmotion (cross-attribute) binding. This cannot be ascribed to the effect of eye movements, since our observers found no difficulty in maintaining fixation during trials, and this was supported by eye-movement data measured for one of the observers. In addition, tracking eye movements, if they occasionally occurred, would not be very helpful in judging the relative directions of the two motions given that they always differed from each other by P45°.
A subsidiary experiment explored the proposal that the effect of direction angle disappeared in Expt 4 not because of motion-motion binding, but because the compared stimuli shared the same temporal structure. This experiment was the same as the 2 Hz condition of Expt 2 (colour-motion binding) except that the colour alternation pattern was changed from a square-wave (alternation between a stable red phase and a stable green phase) to a triangular-wave (alternation between a linear change in colour from grey to red and a linear change in the reverse direction), and the task was changed to a judgment of the motion direction when colour was changing from red to grey. The results (Fig. 4b, open circle) showed that equating temporal structure removed apparent asynchrony between colour and motion as reported before (Nishida & Johnston, 2002) , but left the effect of direction change angle comparable to that observed in Expt 2. This suggests that the reduction of the effect of direction angle in Expt 4 was not because of the similarity in stimulus temporal structure, but presumably because of differences in the matching process for within vs. across module comparisons.
Expt 5: Reaction times to colour and motion of plaid stimuli
Introduction
The manual reaction time (RT) is a useful psychophysical index through which one can infer the neural latency of perceptual processing. The final experiment examined whether the direction change angle (90°or 180°) influenced the RT in a way consistent with its effect on the apparent delay of motion direction change relative to colour change. We already know that colour-motion asynchrony per se is not accompanied by an RT difference -a large perceptual asynchrony can occur even when there is little difference in the RTs to colour and motion direction changes (Nishida & Johnston, 2002) .
We measured RTs in two modes. One was a simple RT to the onset of a target direction from a given pre-target direction. The other was an identification RT in which subjects reported the appearance of given target direction in a rapid random direction sequence. The latter condition was designed to measure the RT for detecting a given motion direction under conditions comparable to those used in a colour-motion binding task (Nishida & Johnston, 2002) . For comparison, we also measured RTs to colour in the same way.
Method
Simple RT to motion
The stimulus was a plaid pattern identical to that used in Expt 2, except that it was always grey. In each trial, the plaid moved in a non-target direction for a random period (between 2 and 5.25 s), and then switched motion to the target direction (upward or downward), which lasted for 1 s. The plaid motion speed was 16 c/deg. At the direction change, the observer had to press one of the buttons of a CT6 response box (Cambridge Research System) as quickly as possible, and the duration from the stimulus onset to the response was measured. The pre-target direction was opposite to the target in half of the trials (180°direction change), and leftwards or rightwards (equal probability) in the other half (90°direction change).
Identification RT to motion
The target motion direction (upward or downward) appeared only once in a stimulus sequence in which the motion direction changed quasi-randomly between three non-target cardinal directions. The direction change was every 500 or 250 ms as in the case of 1 or 2 Hz repetitive alternation, respectively. The plaid motion speed was 16 c/deg (for both alternation rates) or 3 c/deg (for the 250 ms alternation only). The total sequence duration was randomly varied between 5 and 10 s, while the target position was always the fourth (for the 500 ms alternation) or sixth (for the 250 ms alternation) from the end of the sequence. The motion direction immediately before the target was the opposite to the target in half of the trials (180°d irection change), while leftwards or rightwards (equal probability) in the other half (90°direction change). The observer had to press a button as soon as a target appeared in the stimulus sequence.
Simple RT to colour
The stimulus was a plaid pattern identical to that used in Expt 2, except that it was always stationary. In each trial, the plaid was in the pre-target colour (red or green) for a random period, and then switched to the target colour (green or red). At the colour change, the observer had to press a button as quickly as possible.
Identification RT to colour
The target colour (green or red) appeared only once in a stimulus sequence in which colour changed quasi-randomly between three non-target colours (red, yellow and blue when the target was green). The colour immediately before the target was red (or green) in half of the trials, while yellow or blue (equal probability) in the other half (catch trials to make the target appearance unpredictable).
Data analysis
Each observer ran at least 60 trials for each stimulus condition. After exclusion of exceptionally early (<100 ms) and late (>600 ms) responses, the median RT was calculated. The 95% confidence interval was obtained by the bootstrap method. Fig. 7a shows the results. The simple RT to a motion direction change was about 200 ms. It was nearly the same as the simple RT to a colour change (from red to green or vice versa), and was affected little by the direction change angle (90°or 180°). This is consistent with a previous report that the reduction in simple RT with the direction change angle levelled off beyond $70° (Mateeff, Genova, & Hohnsbein, 1999) .
Results
Identification RT for motion direction was more than 100 ms longer than simple RT. In contrast to simple RT, identification RT was longer for the 180°change than for the 90°change. This tendency was consistently observed regardless of whether the alternation was every 500 or 250 ms, and whether the motion speed was 16 or 3 deg/s. Slow motion increased identification RT as well as the RT difference between the 180°and 90°direction change conditions. Identification RT to colour was nearly the same as that to fast motion. Fig. 7b shows the perceptual latency difference between colour and motion estimated from the difference in identification RT. For the fast motion stimuli, the RT difference was too small to account for apparent colour-motion asynchrony (Fig. 7b) , as reported previously (Nishida & Johnston, 2002) . However, the RT difference between the two direction change angles appeared to be comparable to the corresponding difference in apparent asynchrony estimated from binding judgements (Expt 2, Fig. 4b , replotted in Fig. 7c for direct comparison with RT data in Fig. 7b ). For the slower stimulus, the RT difference between colour and motion was increased, but was still smaller than the corresponding difference in apparent asynchrony except for one observer (AM). On the other hand, the RT difference between the two direction change angles was larger than the corresponding difference in apparent asynchrony.
General discussion
Two determinants of direction angle effect
The magnitude of colour-motion asynchrony is larger when the direction change angle is 180°than when it is 90° (Arnold & Clifford, 2002; Bedell et al., 2003; Clifford et al., 2004b; Linares & Ló pez-Moliner, 2006 ). The present study shows that there are two reasons for this. One is that when the motion pattern consists of translating dots subjects can detect the orientation of motion streaks (Expt 1). This changes the colour-motion synchrony judgment into a colour-orientation synchrony task for non-180°d irection change conditions. We found that when the salience of the motion streak artefact was reduced by lowering the speed of the random-dot stimuli, or by using plaid stimuli, a substantial colour-motion asynchrony is observed regardless of the direction change angle.
However, even when the orientation artefact was minimized, a small direction angle effect remained. The present results suggest that this second determinant of the angle effect has the following properties. First, it is reduced, but not eliminated, by lowering motion speed (Expt 2). Second, it is observed in both an attribute-binding task and in a temporal-synchrony task (Expt 3). Third, it is greatly reduced for a direct comparison of sequences containing motion direction changes of 90°and 180°(Expt 4), although there is an asynchrony difference when motion is compared to a graduated colour direction change. Fourth, it is not evident in simple RT to motion direction change data (Expt 5). Fifth, it is evident in identification RT data for motion direction, although the magnitude of the RT difference does not exactly match the apparent asynchrony (Expt 5).
Previous studies (Arnold & Clifford, 2002; Bedell et al., 2003) ascribed the effect of direction change angle to stronger cross-direction suppression for 180°than for the smaller angles. The underlying mechanism of this suppression could be active neural inhibition (Priebe & Lisberger, 2002) , or sluggish temporal integration of motion signals (Simpson, 1994; Werkhoven, Snippe, & Toet, 1992) . Sluggish integration would delay the onset of the motion signal, particularly after a 180°direction change, due to cancellation of opposite motion signals. In agreement with this hypothesis, our identification RT data indicate a processing time delay for direction identification after a 180°direc-tion change as compared to a 90°change. Also, the expected reduction of suppression for slow motion could account for the reduction of the angle effect for that condition. We therefore agree that cross-direction suppression is a possible cause of the angle effect.
Marker-based account of direction angle effect
However, we do not take the effect of direction change angle as evidence against the time marker account of colour-motion asynchrony. We assume that the cross-attribute temporal comparison is mediated by a mid-level grouping process that compares salient temporal features. The time marker account considers colour-motion asynchrony as a result of inappropriate matching of first-order colour changes with first-order position changes (motions) that are more salient than second-order direction changes at rapid alternations (Nishida & Johnston, 2002) . Although this account draws attention primarily to correspondence matching of colour and motion features, it does not exclude the possible influence of neural delays, such as those affecting the time course of neural signals, from affecting the signal from which the mid-level process extracts salient features. Note that although the 180°and 90°sequences have the same temporal patterns, the important consideration for marker theory is the temporal localisation of markers for direction changes in the motion sequence. We interpret the present findings as indicating that the direction change angle affects the time course of the recruitment of neural signals representing motion after a direction change, which in turn affects the location of first-order time markers for motion events. This does not require a global time shift in the neural representation of the temporal pattern, rather we envisage a difference in the profile of the neural encoding for the 180°and 90°c ases. Our time marker hypothesis assumes that the visual system extracts event time signals from the time course of the initial sensory encoding of the stimulus (Libet, Wright, Feinstein, & Pearl, 1979) , since this carries the most reliable information about the timing of the related physical events (Fig. 8) . As long as the response delay is short, it would not matter whether the temporal encoding uses the initial responses in a low-level visual area or those in a high-level visual area. This is in contrast to the basic assumption of the processing time hypothesis that the subjective time of an event reflects the time that perceptual processing of the event completes in the brain (Moutoussis & Zeki, 1997a) . The relationships between extracted timing signals are encoded by neural temporal comparators. This process is separate from the analyses of other event contents.
We admit that the analyses of different aspects of an event may complete asynchronously, but this will not affect the temporal judgments if the results of the event analyses are correctly bound with the encoded temporal relationships. In addition, while the processing time hypothesis rules out compensation for subjective timings, the time marker hypothesis allows adjustments of the temporal tuning of comparison processes, such as those induced by adaptation to a constant delay in one channel relative to another (Fujisaki et al., 2004) . Fig. 9 shows how time markers extracted from stimulusdependent activity can account for colour-motion asynchrony. Assuming that sensory neural responses are primarily evoked by first-order stimulus changes, the temporal response profiles differ for colour changes and motion direction change. With rapid alternations ($2 Hz), for which we see robust colour-motion asynchrony, a brief response is generated within a motion segment, as well as at a colour transition. Assuming that the visual system assigns a single time marker to some measure of the temporal position, such as the peak or centroid, of the stimulus segment (Jaskowski, 1996) , and compares those markers across different attributes, the time marker model predicts an apparent delay of motion relative to colour by approximately a quarter cycle. An additional assumption we make is that the onset of neural responses to a direction change, while not the offset, is delayed for 180°relative to 90°. Then our model also predicts that the magnitude of asynchrony is increased when the direction change angle alters from 90°to 180°.
There is room for debate about the nature of the neural representation of time markers. We consider that the timing signals of events are implicitly encoded in the time course of low-level neural signals, and they are somehow compared for computation of relative event timing. The question is whether the low-level signals are directly compared (as implicit time markers), or transformed into mid-level symbolic representations of salient features (explicit time markers) before comparison. To explain the apparent asynchrony of rapid alternations of colour and motion, it is not essential to assume a stage in which time markers are explicitly extracted. Direct comparison (e.g., cross-correlation computation) of the temporal response profiles for colour and motion would also predict apparent asynchrony. Although we do not deny the possibility of direct comparison, one should assume an explicit marker extraction stage is necessary to account for some findings. A critical example is the nearly veridical temporal-order judgments for a single colour change and a single direction change (Nishida & Johnston, 2002) . Cross-correlation of low-level signals would predict apparent asynchrony in this case. It should be also noted that temporal-order judgments were veridical even when a single colour change was compared with a specified (fifth) single direction reversal in a rapid repetitive direction alternation (Nishida & Johnston, 2002) , which suggests that marker positions are not solely determined by a bottom-up process, but flexibly change depending on the task requirement. In addition, if we assume an explicit marker extraction stage, the failure of colour-motion binding for P $3 Hz alternation could be ascribed to a temporal limit of the attentional mechanism required to extract salient features (Cavanagh, Labianca, & Thornton, 2001; Fujisaki & Nishida, 2005; Verstraten, Cavanagh, & Labianca, 2000) and the lack of a direction angle effect for motion-motion binding could be ascribed to the comparison of low-level neural signals.
In line with a prediction that colour-motion asynchrony is approximately a quarter cycle, the present results show that apparent asynchrony is increased as the alternation rate is decreased from 2 to 1 Hz, even though it should be constant if the asynchrony reflects a neural delay for motion processing. However, for 1 Hz, apparent asynchrony is significantly less than a quarter of a cycle. We consider this is at least partially because the visual system can give more weight to the early component of the neural response assigning a marker at an earlier point than the centroid. This is not an ad hoc assumption given the upper temporal resolution of marker assignment is about 3 Hz. For very slow direction alternations, the visual system can correctly estimate the location of second-order change macroscopically taking into account the time course of stimulus changes including the offset of the preceding stimulus. In this case, the model predicts veridical synchrony judgments regardless of the direction change angle (Bedell et al., 2003) .
Reduction of direction angle effect for motion-motion binding
In the case of motion-motion binding there are many features that can be used to relate the timing of the two sequences. Since the changes are occurring within the motion system and the information at different levels of the system will be qualitatively similar, temporal information may be extracted at a number of levels in the motion system as well as at a number of time points in the sequence. The observation that synchronous motionmotion sequences appear nearly synchronous indicates that although direction change may delay the onset of the stimulus segment, it does not produce global shifts in temporal processing. One possibility is the mechanism for motionmotion binding can use features that are tied to the ongoing time course or the offset of the motion signal which may be less affected by the direction change angle than the onset of the stimulus segment. Another possibility is that there are low-level neural signals that are affected little by the direction change angle, but they are accessible only by special synchrony detectors. In either case, the mechanism responsible for motion-motion binding must be different from that responsible for colour-motion binding. For synchronous motion direction changes, in particular, the existence of a specialized low-level detection mechanism has been suggested (Lee & Blake, 1999) . This mechanism is thought to contribute to Gestalt grouping by the law of common fate. This pre-attentive grouping mechanism might contribute to the detection of synchrony within motion signals.
Alternatively, motion-motion temporal binding might be mediated by a spatial mechanism. Any asynchrony between the direction changes in the two moving stimuli will create a global motion configuration that is not present when changes are synchronous. This change in global configuration can be detected by wide-field motion detectors selective for complex patterns of motion, such as optical flow sensors found in monkey MSTd (Tanaka & Saito, 1989) . To account for the present finding, however, one should assume that the input timing of these wide-field motion detectors are not affected by the local direction change angle. This is an interesting, but questionable assumption given MST receives heavy input from MT (Desimone & Ungerleider, 1986) .
Reaction times
Our model assumes that the brain decides the subjective time of a stimulus presentation in a postdictive Given that apparent event timings are computed from the comparison of these initial responses, motion direction changes will be apparently delayed relative to colour changes (colour-motion asynchrony) due to the difference in stimulus temporal structure. Assuming that initial responses are primarily evoked by first-order stimulus changes, we illustrated response profiles as the output of a blurred derivative filter. To account for the observed effect of direction change angle, we further assume that the onsets for 180°d irection changes are delayed relative to those for 90°direction changes due to cross-direction interaction. Then the temporal comparison of the initial responses will produce a larger apparent delay for 180°changes than for 90°changes relative to colour changes. fashion (Dennett & Kinsbourne, 1992; Eagleman & Sejnowski, 2000) ; the subjective onset of the stimulus is attributed to a point some time prior to recognition. However, in RT measurements, observers are required to make a motor response in real time as soon as sufficient evidence for a decision is collected. We think this difference explains why perceptual delays as indicated by RTs do not generally agree with those indicated by subjective judgments (Adams & Mamassian, 2004; Jaskowski, 1996; Kopinska & Harris, 2004; Tappe, Niepel, & Neumann, 1994) . Colour-motion asynchrony is an extreme case, where the two measures show a large dissociation.
However, when the increase in direction change angle from 90°to 180°delays the recruitment of a neural response to the target direction, not only the temporal position of the time marker, but also the time required to identify the target direction is likely to be elongated. Therefore, the effects of direction change angle are qualitatively similar for subjective temporal judgments and identification RT. On the other hand, the simple RT to motion requires detection of any abrupt changes in direction signal, including those produced by offsets of the pre-target direction. This is presumably why there was no effect of direction change angle for simple RT.
We are not proposing that the perception decisions for simple and identification RTs are respectively made at offset and onset of the initial neural response. These offsets and onsets are likely to indicate the beginning, but not the completion, of the corresponding neural processing. Previous studies suggest that the variations in the latency of stimulus-evoked neural response is correlated with, but smaller than, the variations in the manual RT (Musselwhite & Jeffreys, 1985; Vassilev, Mihaylova, & Bonnet, 2002) , and that accumulation of subsequent neural response to a certain level, which presumably reflects development of related perceptual processing, is necessary to fully account for the variation in manual RT (Amano et al., 2006; Cook & Maunsell, 2002; Roitman & Shadlen, 2002; Shadlen & Newsome, 2001) . This is why identification RT that requires complex processing is much longer than simple RT.
The effect of direction change angle was qualitatively similar, but quantitatively different, between identification RT and apparent asynchrony. In particular, a reduction of the stimulus speed increased the angle effect for RT, while decreased that for apparent asynchrony. This discrepancy supports the notion that the time courses of neural responses in multiple processing levels differentially affect the processing times reflected in RTs and the time marker positions reflected in subjective timings. It is likely that the effects of stimulus speed is related to the change in response magnitude, which may have only minor effects on time markers, but have major effects on RTs if they are based on a response accumulation process (Amano, Nishida, & Takeda, 2005; Cook & Maunsell, 2002) .
Other theories
As described above, the time marker theory can fully account for colour-motion asynchrony, and all the present findings related to the effect of direction change angle. On the other hand, the processing time account, which assumes identity of subjecting timing with the physical timing of neural process completion (Moutoussis & Zeki, 1997a ) may be consistent with the effect of direction change angle, but inconsistent with the reduction of angle effect for the direct comparison of 90°and 180°direction changes. In addition, it cannot account for various properties of colour-motion asynchrony, including the lack of corresponding RT difference for colour and motion.
Although the time marker theory has been criticised for its inability to account for apparent asynchronies between temporal changes of the same temporal order (Moutoussis & Zeki, 1997b; Zeki, 2003) , these relatively small effects could be ascribed to other factors, such as the effects of attention (Paul & Schyns, 2003; Reeves & Sperling, 1986; Stelmach & Herdman, 1991) , and stimulus saliency (Adams & Mamassian, 2004) , although the neural bases of these effects remains obscure (McDonald, Teder-Salejarvi, Russo, & Hillyard, 2005) . Bedell et al. (2003) proposed an elaborated neural delay hypothesis, incorporating a two-stage sustainedtransient model. They consider that temporal order judgments are based on transient responses. These responses carry information about event timing, and their latency is similar for colour and motion, and for direction changes of different angles. The temporal binding judgment, however, is based on sustained responses. They carry information about event content, and their latency is longer for motion than for colour, and longer for a 180°direction change than for a 90°direction change. In agreement with the time marker theory, this model assumes that the timing and content of the same event are separately represented in the brain. In addition, Bedell et al. (2003) suggest a similar solution to that proposed above to account for the dissociation between a small RT difference and a large subjective asynchrony for colour and motion. Their model can also account for differential effects of direction change angle on simple and identification RTs (Expt 5) by assuming that the simple RT reflects the latency of transient response, while the identification RT reflects the latency of sustained response. However, their model seems to be incompatible with the present findings that apparent delay was affected by stimulus attribute and direction change angle even when a purely temporal judgment was made between rapidly alternating colour and motion (Expt 3), and that apparent delay was not affected by direction change angle even when a binding judgment was made between rapidly alternating motion directions (Expt 4). Although the role of transient responses in their theory is similar to the role of the time marker in ours under some stimulus conditions, the time marker theory allows the visual system to make full use of the time course of the evoked response including the sustained component if the stimulus conditions permit.
Recently, Linares and Ló pez-Moliner (2006) found that even when the stimulus contained only a single direction change, the use of a binding judgment task, but not a temporal order judgment task, gave rise to an apparent delay of motion relative to colour. This appears to favour the notion of task dependency as proposed by Bedell et al. (2003) . However, the data of Linares and Ló pez-Moliner showed that when the direction change and colour change occurred nearly at the same time, both binding and temporal-order judgments were accurate. Only when the observers had to bind the colour of a 300 ms period to one of two directions whose change took place at around the middle of the colour period did the binding judgment indicate an apparent motion delay. These findings are not incompatible with our assumption that non-repetitive stimuli allow the observers to correctly compare the onset of a first-order colour change with the onset of a second-order direction change, since the temporal order of these onsets would be helpful for the former case, but useless in the latter case. The results suggest that the observer's judgments in the latter case show a trend similar to that obtained under repetitive stimulus presentation as a result of similar erroneous matching of first-order time markers. A similar task-dependent change in marker location for identical stimuli was suggested by veridical temporal-order judgments for the fifth direction reversal in a rapid alternation (Nishida & Johnston, 2002) .
Arnold, Clifford and their colleagues (Arnold, 2005; Arnold & Clifford, 2002; Arnold, Clifford, & Wenderoth, 2001; Clifford et al., 2003; Clifford, Holcombe, & Pearson, 2004a; Clifford et al., 2004b) have been demonstrating the relevance of neural activities in cortical areas specialized for processing a given attribute (e.g., MT) for subjective timing of the appearance of that attribute, including the effect of direction change angle examined here. Although their findings could be interpreted as evidence in favour of the processing time hypothesis, they do not necessarily contradict time marker theory if the time marker is extracted from those neural responses.
In Johnston and Nishida (2001) , we introduced a distinction between the ''brain time'' theory and the ''event time'' theory. The ''brain time'' theory is based on the idea that the time we attribute to an event is tied to the time at which the brain generates a representation of that event, while the ''event time'' theory assumes that there are specialized neural systems that encode the relative time of external events. According to this definition, our time marker theory is still a pure ''event time'' theory even though it now explicitly acknowledges the dependence of time marker assignment on the neural time course of the formation of low-level stimulus features.
